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ABSTRACT. A mathematical model and optimization
framework to aid farmers in selecting crop portfolios were pro-
posed and discussed in (Bokhira et al. 2014; Chrispell et al.
2012). In this paper, we propose a refined mathematical model
which reduces the number of constraints by nearly half while
the number of decision variables is about the same. Also, the
proposed model is easier to implement and maintain due to its
generalized structure, and it provides more flexibility for us to
expand the problem. Some key sensitive analysis is also pro-
vided.
1 INTRODUCTION
Groundwater is a valuable source of water especially dur-
ing times of drought. In areas where farming accounts for
the majority of the water use (for example, about 80 percent
in California), effective groundwater management in agricul-
ture has become more crucial due to more frequent droughts
in the recent years (Barber 2009; California Water Science
Center 2016; Hanson 2003; Johnson 1983; Maupin et al.
2014; Maupin et al. 2005; Morris 2013). Also, over-pumping
has been a problem which may result in long term damage
such as reducing groundwater storage capacity. Farmers need
strategies (such as changing irrigation technique or irrigation
scheduling or choosing crops which need less water) to reduce
water usage while maintaining profitability of farming through
efficiency (Bokhira et al. 2014; Chrispell et al. 2012; Gomaa
et al. 2011; Miller 2016; Parno et al. 2016; Nazer et al. 1986;
Sahoo et al. 2006; Scanlon et al. 2012). In some regions such
as California, farmers must operate under water-conservation
laws to restrict their water usage (Charles 2013; Medina 2015).
Such restrictions will have long term benefits to agriculture and
reduce the risk of having a groundwater shortage crisis. There-
fore, farmers in those regions need to develop certain strategies
to operate in order to make a profit with less water if they don’t
want to break the law. In regions such as South Carolina where
groundwater does not seem to be a problem yet, the increase
of extreme weather events over the past decade has raised con-
cerns about the current level of understanding regarding South
Carolinas water resources. A research team at Clemson has
led statewide agricultural water use survey to obtain critical
data and develop tools that will support the preservation and
protection of South Carolinas water resources into the future
(Bradley 2018).
To help the farmers in selecting crop portfolios such that the
profit is maximized under the water resection requirements,
a mathematical model is proposed in (Bokhira et al. 2014;
Chrispell et al. 2012). In this paper, we provide a revised
mathematical model which is more computationally efficient
and easier to implement. Like the studies in (Bokhira et al.
2014; Chrispell et al. 2012), we apply our revised model to the
Pajaro Valley region of central California (Pajaro Valley Water
Management Agency; Hanson 2003; California Department of
Natural Resources 2003). We use the same parameters as pro-
vided in those papers to maintain the consistency of the studies
(knowing that the values of the parameters must have changed
over the years due to inflation and fluctuations of supply and
demand, etc). Also, we provide some key sensitivity analysis
in this paper.
2 BACKGROUND INFORMATION AND RELATED
WORK
California produces a sizable majority of fruits, vegeta-
bles and nuts in the United States, and California grows more
berries than any other regions in the world (Cook 2012). The
Pajaro Valley is located in central California, and agriculture
and food processing have been the mainstay of its economic
structure since its development in the late 1800s. To prevent
overdraft of the groundwater in the region, the Pajaro Valley
Water Management Agency Act has been established to en-
sure the avoidance and eventual prevention of conditions of
long-term overdraft, land subsidence, and water quality degra-
dation. While other solutions exist to assist and support the
act, we focus on finding the optimal crop planting scheduling
for a given farm such that the profit is maximized under the
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Parameter Strawberry Blackberry Raspberry Raspberry Lettuce Cover
Year 1 Year 2 4 months
Operational Costs 22000 22522 27000 12000 2200 1850
$ / Acre
2.67 (Ws) 2 (WB) 0
Water use 
Acre-ft / Year
Yield 7000 3500 4800 5000 1 0
Boxes/Acres
Sale Price 4.30 6.50 6.34 6.34 2650 0
$ / Box
3
2 (WR1) 1.5 (WR2) 1 (WL)
Table 1: Parameter values.
water restriction imposed by the agency.
In (Bokhira et al. 2014; Chrispell et al. 2012), the objective
was to maximize the profit while minimizing the water usage
or minimizing the deviation from the demand, and the problem
was proposed as a multi-objective linear programming model,
where a multi-objective genetic algorithm was used to find the
optimal solution. It was said that the parameters used in these
papers as shown in Table 1 were provided by a farming mem-
ber of the advisory board. Also, the assumptions made in the
papers are as follows:
1. The farm has 100 acres of land, and a five-year cycle of
planting scheduling is considered. Initially the farm is empty.
2. A typical year demands 30% strawberries, 10% raspber-
ries, 10% blackberries, and 40% lettuce with the remaining
10% cover crops or fallow.
3. The sustainable amount of water available is between
0.5 acre-ft/year and 1.36 acre-ft/year per acre of agricultural
land (so for the 100 acres of farming land, it is between
50 and 136 acre-ft/year). The water cost ($/acre-ft) CWi =
120, 120, 160, 160, 171, respectively, for year i = 1, · · · , 5.
4. Strawberries, blackberries and raspberries are to be
planted or replanted only in September each year. Lettuce is
planted bimonthly.
5. Strawberries are a 14-month crop (i.e. they occupy their
plot until the following November).
6. Blackberries are a 60-month crop and they yield every
year.
7. Raspberries are a 24-month crop and they yield twice dur-
ing this period, with different operational costs, water usage,
and yield during the two years.
8. Lettuce is a four-month crop (including preparation).
3 PROJECT OBJECTIVES AND METHODS
3.1 Decision Variables
In this paper, we provide a revised model based on the
same assumptions and parameters that were used in (Bokhira
et al. 2014; Chrispell et al. 2012). We use a linear program-
ming model to maximize the profit while minimizing the devi-
ation from the demand. We define Si, Ri, Bi to be the percent-
age of the 100 acres of farming land that strawberries, raspber-
ries, blackberries will be newly planted in September of year
i, respectively, i = 1, · · · , 5 (see Table 2). We define Lj to
be the percentage of the 100 acres of farming land that lettuce
will be newly planted in period j, j = 1, · · · , 30 (by the as-
sumption that the lettuce can be planted bimonthly during the
5-year planting cycle). Note that since the farming land is 100
acres, the percentage unit can also be replaced by acre unit as
long as it is consistent throughout.
Note that these decision variables are different from the ones
in (Bokhira et al. 2014; Chrispell et al. 2012) where Si, Ri, Bi
represents the percentage of strawberries, raspberries, black-
berries, respectively, that are in the ground of the 100 acres
farming land during year i, and Lj represents the percentage
of the lettuce that is in the ground during period j. The se-
lection of such decision variables as in (Bokhira et al. 2014;
Chrispell et al. 2012) made the model difficult to be written
in a more generalized form. The model appeared to be long,
not easy to follow and error prone. Especially, in order to de-
termine the newly planted crops (say strawberries) in year i,
the model has long and confusing nested expressions such as
Si−(Si−1−(Si−2−(Si−3 · · ·−(S2−S1) · · · ))). By redefining
the decision variables, we can write the model in a generalized
form, and the model becomes easier to understand, less error-
prone and easier to be implemented in a computer software
such as MPL or LINGO to find the optimal solution. Further-
more, the number of constraints in the model are significant
reduced (by about half) without increasing the number of de-
cision variables, therefore, the revised model is more compu-
tationally efficient.
3.2 Constraints and Objective Function
There are two sets of functional constraints. The first set
requires that the total percentage of the crop in the ground dur-
ing any given period is less than or equal to 100. The second
set requires that the total water usage in any given year is less
than or equal to 136 acre-ft for the 100 acres of land (the third
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Month/Year 9/1 11/1 1/2 3/2 5/2 7/2 9/2 ... 9/3 7/6
Strawberries S1 S2 S3
...
Raspberries R1 R2 R3 ...
Blackberries B1 B2 B3
...
lettuce L1 L2 L3 L4 L5 L6 L7 L30L13 ...
...
...
...
...
...
Table 2: Decision variables.
assumption of the model).
Clearly the total percentage of crops in the ground during
each of the first six periods (9/1, 11/1, 1/2, 3/2, 5/2 and 7/2) is
S1+R1+B1+L1, S1+R1+B1+Lj+Lj+1 (j = 1, · · · 5), re-
spectively. Notice that the lettuce is a 4-month crop, so L1 let-
tuce planted during the first period remained during the second
period but was harvested at the beginning of the third period
(i.e. no longer in the ground). The total percentage of the crops
in the ground during each of the next six periods (9/2, 11/2,
1/3, 3/3/ 5/3 and 7/3) is S1+S2+R1+R2+B1+B2+L6+L7
(as in constraint (1) below), S2+R1+R2+B1+B2+Lj+Lj+1
(j = 7, · · · 11, as in constraint (2) below), respectively. No-
tice that S2 strawberries, R2 raspberries and B2 blackberries
were planted in September of the second year, and S1 straw-
berries were harvested in November of the second year since
strawberries are a 14-month crop. Similarly, the total per-
centage of the crops in the ground during each of the last
six periods (9/5, 11/5, 1/6, 3/6, 5/6 and 7/6) is
∑5
i=4 Si +∑5
i=4 Ri+
∑5
i=1 Bi+L24+L25 (as in constraint (1) below),
S5 +
∑5
i=4 Ri +
∑5
i=1 Bi +Lj +Lj+1 (j = 25, · · · 29, as in
constraint (2) below). We can write these 30 functional con-
straints in a general form as follows. Let S0 = R0 = L0 = 0.
i+1∑
k=i
(Sk +Rk) +
i+1∑
k=1
Bk + Lj + Lj+1 ≤ 100,
i = 0, · · · , 4, j = 6i (1)
Si +
i∑
k=i−1
Rk +
i∑
k=1
Bk + Lj + Lj+1 ≤ 100,
i = 1, · · · , 5, j = 6i− 5, · · · , 6i− 1 (2)
We use the unit water usage for each crop that is given
in Table 1 to find the total water usage for each year. Let
WL′ =
WL
2 which is the unit 2-month water usage for lettuce
and WS′ = WS6 which is the unit 2-month water usage for
strawberries. During the first planting year, L6 lettuce planted
during the sixth period (7/2) has 2-month water usage towards
the first planting year total water usage (and the 2-month water
usage is counted towards the total water usage of the second
planting year). Also, S1 strawberries planted at the beginning
of the first planting year has 2-month water usage counted to-
wards the second planting year total water usage due to the
assumption that strawberries are a 14-month crop. The total
water usage of planting year 1 is WSS1+WR1R1+WBB1+
WL
∑5
j=1 Lj + WL′L6. Similarly, the total water usage of
planting year 2 is WS′S1 + WSS2 + WR2R1 + WR1R2 +
WB(B1 + B2) +WL′L6 +WL
∑11
j=7 Lj +WL′L12. Notice
that the unit water usages for first year raspberries and second
year raspberries are different. We can write the 5 water us-
age constraints for the 5 planting years in a general form as
follows. We also include the lower bound (nonnegativity con-
straint) and upper bound (demand) for the decision variables
below.
WS′Si−1 +WSSi +WR2Ri−1 +WR1Ri +WB
i∑
k=1
Bk
+WL′L6(i−1) +WL
6i−1∑
k=6i−5
Lk +WL′L6i ≤ 136,
i = 1, · · · , 5 (3)
0 ≤ Si ≤ 30, 0 ≤ Ri ≤ 10, 0 ≤ Bi ≤ 10,
0 ≤ Lj ≤ 40, i = 1, · · · , 5, j = 1, · · · , 30 (4)
The objective is to maximize the profit while minimizing the
deviation from the demand. In (Bokhira et al. 2014; Chrispell
et al. 2012), the objective function is modeled by combining a
linear function (for the profit) and a quadratic function for the
demand. We use a linear objective function by incorporating
the deviation from the demand in the profit as a penalty if the
demand is not met, which corresponds to opportunity cost to
the farmers or shortage cost to the retailers. The profit (P ) is
equal to the revenue (R) from planting and selling the crops
(subtracting operational cost) minus the cost of water (W ), the
cost of fallow land or cover crops if any (F ) and the cost of
unmet demand if any (U ).
The unit revenue for each crop as shown in Table 3 can
be calculated by using the parameters in Table 1: sale price
× yield - operational cost. For example, the unit revenue of
strawberries is 4.3 × 7000 − 22000 = $8, 100 per acre. Note
that CL is the unit revenue for lettuce which is a 4-month
crop, and other unit revenues are annual. The revenue from
the crops (subtracting the operational cost) over the 5 years is
equal to R = 7CS6
∑4
i=1 Si+CSS5+(CR1+CR2)
∑4
i=1 Ri+
CR1R5 + CB
∑5
i=1(6 − i)Bi + CL
∑29
j=1 Lj +
CLL30
2 . For
simplicity, we let TWi be the total water usage for year i which
appears on the left hand side of the constraint (3), then the
cost of the water over 5 years is equal to W =
∑5
i=1 CWiTWi
where CWi can be found in assumption 3. Also, we let Gj
be the total percentage of the crops in the ground for period
j which appears in constraint (1) or (2), then the percent-
age of the fallow land Fj in period j is equal to 100 − Gj ,
3
Unit Revenue
8,100 228 3,432 19,700 450 1850$ / Acre
3
Strawberry Blackberry Raspberry Raspberry Lettuce Cover 
Cs CB CR1 (Year 1) CR2 (Year 2) CL CF
Table 3: Unit profit for each crop
j = 1, · · · , 30. Therefore, the cost of fallow land is F =
CF
6
∑30
j=1 Fj . Finally, the cost of unmet demand is equal to
U = 7CS6
∑5
i=1(30− Si) + (CR1 + CR2)
∑5
i=1(10−Ri) +
5CB
∑5
i=1(10−Bi)+CL
∑30
j=1(40−Lj). Note that the devia-
tions from the demand are nonnegative due to the upper bound
on the decision variables in constraint (4). Also, the weight of
the penalty on unmet demand is equal to the unit revenue of
each crop but it can be adjusted accordingly. In summary, the
linear programming model is as follows (note that in the profit
function P , revenue R, cost of water W , cost of fallow land F
and cost of unmet demand U are defined above).
Maximize P = R−W − F − U
subject to (1), (2), (3) and (4).
4 NUMERICAL RESULT AND SENSITIVITY
ANALYSIS
The linear programming model proposed in Section 3.2 can
be implemented in several different software applications to
find the optimal solution, and we used the Excel Solver. Based
on the water availability (for the purpose of numerical analysis
and possible future planning when water availability increases,
we extended the water availability beyond 136 acre-ft/yr), the
three berries five year planting schedule is shown Table 4, re-
spectively. The lettuce five year planting schedule is shown
in Table 5, respectively. It’s obvious that the profit increases
as the water availability increases because more crops can be
planted. Note that the profit here is not the same as the dol-
lar amount of the income since we considered the opportunity
cost to get the profit. From Table 4, we can see that the profit
is negative if the water availability is less than 87 acre-ft/year
(it does not seem to be worthwhile when the water availability
is 87 acre-ft/yr since the profit is too little although positive).
Since the raspberries use the least amount of water per year
and the profit (average of two years) is the highest, it is natu-
ral that raspberries are to be planted as much as possible in the
optimal solution (in fact, without constraint (4), the optimal so-
lution will suggest to plant raspberries exclusively). Except for
water availability, assuming everything else (the unit price of
each crop, unit water usage of each crop, and etc) remains the
same. In Table 4, it suggests to gradually increase the percent-
age of strawberries and also increase in the order from S1 to S5
as the water availability increases. The last five rows in Table
4 suggest to plant the full demanded percentage each year for
both strawberries and raspberries, respectively. The optimal
solutions in Table 4 do not suggest to plant blackberries un-
less the water availability eventually becomes 149 acre-ft/year
or more. When it happens, the solutions only suggest to plant
blackberries during the fifth year.
If the water availability is less than 101 acre-ft/year, the opti-
mal solutions in Table 5 suggest not to plant any lettuce. Also,
the solutions suggest to gradually increase the percentage of
lettuce during the five years as the water availability increases.
With a few exceptions, the optimal solutions in Table 5 also
suggest to increase the percentage of lettuce over the same pe-
riods.
If the price of the blackberries is $6.5/box as given in Table
1, recall that the optimal solutions suggest not to plant black-
berries. However, if the price of the blackberries increases
to $7.5/box, $8.5/box and $9.5/box, respectively, the optimal
solutions in Table 6 suggest to plant more blackberries and
less strawberries (assuming that water availability remains at
136 acre-ft/year). Especially, if the price of blackberries is
$8.5/box or $9.5/box, the optimal solutions suggest to plant
blackberries at the demanded percentage each year.
5 DISCUSSION
In this paper, we provide a revised model to help farmers
with their crop portfolio selections in regions such as Pajaro
Valley in California where water availability is limited. The
revised model chooses different decision variables, and it is
a more computationally efficient model since it reduces the
number of constraints to nearly half compared to the model
proposed in (Bokhira et al. 2014; Chrispell et al. 2012). Also,
the revised model is written in a general form, which makes it
easier to be implemented and solved in any computer software
that has linear programming solver package such as MPL or
LINGO. Some key sensitivity analysis is also provided in this
paper. Future studies include considering more crops that use
less water in the model, or modifying the assumptions and the
model such that it would be more realistic, or considering some
of parameters as random variables (such as demand and crop
prices). Also, the model proposed in this paper may be applied
and/or modified for the purpose of preservation and protection
of South Carolina water resources in the near future.
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Water Allowance  Profit
(acre‐feet/year) (5 years) S1 R1 B1 S2 R2 B2 S3 R3 B3 S4 R4 B4 S5 R5 B5
50 (1,235,015.54)$        11.2 10 0 3.7 10 0 5 10 0 4.8 10 0 4.8 10 0
86 (28,873.68)$        24.7 10 0 15 10 0 16.6 10 0 16.3 10 0 16.4 10 0
87 4,630.26$       25.1 10 0 15.3 10 0 16.9 10 0 16.7 10 0 16.7 10 0
100 440,181.49$        30 10 0 19.4 10 0 21.1 10 0 20.8 10 0 20.9 10 0
101 468,965.81$        30 10 0 19.7 10 0 21.4 10 0 21.1 10 0 21.2 10 0
136 1,299,833.17$      30 10 0 30 10 0 30 10 0 30 10 0 30 10 0
148 1,387,461.17$        30 10 0 30 10 0 30 10 0 30 10 0 30 10 0
149 1,394,566.78$        30 10 0 30 10 0 30 10 0 30 10 0 30 10 0.27
200 1,745,831.67$        30 10 0 30 10 0 30 10 0 30 10 0 30 10 10
250 2,088,448.33$        30 10 0 30 10 0 30 10 0 30 10 0 30 10 10
Year 1 Year 2 Year 3 Year 4 Year 5
Table 4: Three berries five year planting schedule data.
 
Water Allowance  Profit
(acre‐feet/year) (5 years) L1 L2 L3 L4 L5 L6 L7 L8 L9 L10 L11 L12 L13 L14 L15 L16 L17 L18 L19 L20 L21 L22 L23 L24 L25 L26 L27 L28 L29 L30
50 (1,235,015.54)$          0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
86 (28,873.68)$                0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
87 4,630.26$                    0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
100 440,181.49$                0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
101 468,965.81$                0 0 0.9 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
136 1,299,833.17$            0 0 36 0 0 0 0 0 7.6 0 0 0 0 0 7.6 0 0 0 0 0 7.6 0 0 0 0 0 0 0 0 15
148 1,387,461.17$            7.9 0 40 0 0 0 0 0 20 0 0 0 0 0 20 0 0 0 0 0 20 0 0 0 0 0 0 0 0 39
149 1,394,566.78$            8.9 0 40 0 0 0 0 0 21 0 0 0 0 0 21 0 0 0 0 0 21 0 0 0 0 0 0 0 0 40
200 1,745,831.67$            40 9.9 40 0 0 20 0 10 40 0 12 0 12 10 40 0 0 20 0 10 40 0 12 0 0 0 32 0 0 40
250 2,088,448.33$            40 20 40 20 30 0 20 10 40 10 40 3.1 17 10 40 10 40 6.2 14 10 40 10 40 9.3 0 40 0 37 0 40
Year 2 Year 3 Year 4 Year 5Year 1
Table 5: Lettuce five year planting schedule data.
 
Blackberries
Unit Price ($ /Box) S1 R1 B1 S2 R2 B2 S3 R3 B3 S4 R4 B4 S5 R5 B5
$6.50 30 10 0 30 10 0 30 10 0 30 10 0 30 10 0
$7.50 30 10 3.8 30 10 0 30 10 0 22.5 10 10 16.3 10 10
$8.50 30 10 10 17.9 10 10 12.4 10 10 5.8 10 10 0 9.2 10
$9.50 30 10 10 17.9 10 10 12.4 10 10 5.8 10 10 0 9.2 10
Year 1 Year 2 Year 3 Year 4 Year 5
Table 6: Blackberries price change and water availability is 136 acre-ft/year.
(AIM)) and Dr. Lea Jenkins, one of the coauthors in (Bokhira
et al. 2014; Chrispell et al. 2012) for introducing us the prob-
lem at the workshop.
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